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We present angle-resolved photoemission spectroscopy (ARPES) data on moderately underdoped
La1.855Sr0.145CuO4 at temperatures below and above the superconducting transition temperature.
Unlike previous studies of this material, we observe sharp spectral peaks along the entire underlying
Fermi surface in the superconducting state. These peaks trace out an energy gap that follows a
simple d-wave form, with a maximum superconducting gap of 14 meV. Our results are consistent
with a single gap picture for the cuprates. Furthermore our data on the even more underdoped
sample La1.895Sr0.105CuO4 also show sharp spectral peaks, even at the antinode, with a maximum
superconducting gap of 26 meV.
PACS numbers: 74.72.Dn, 74.25.Jb, 79.60.Bm
The energy gap is a fundamental property of super-
conductors [1]. The nature of its anisotropy has played a
key role in the testing and building of microscopic theo-
ries of the superconductivity discovered in layered copper
oxides [2]. This anisotropy can be measured by angle-
resolved photoemission spectroscopy (ARPES), which is
a unique probe of electronic excitations and their mo-
mentum dependence [3, 4]. For underdoped samples, an
energy gap persists above Tc [5, 6]. This pseudogap is
most prominent in the (pi, 0) region of the Brillouin zone,
giving rise to a gapless arc of states centered about the
zone diagonal known as a Fermi arc [7]. How the gap
evolves from the superconducting state to the pseudogap
phase remains one of the most important questions be-
ing debated in the cuprates [8]. It has been suggested
that the superconducting gap only exists on the Fermi
arcs, and thus is distinct from the pseudogap [9]. This
“two gap” scenario has been supported by recent ARPES
studies on optimally doped La2−xSrxCuO4 (LSCO) [10]
and Bi2Sr2CuO6 (Bi2201) [11], as well as on heavily un-
derdoped Bi2212 [12]. In these studies, sharp spectral
peaks are observed below Tc only along the arc, whereas
the states in the region around the (pi, 0)− (pi, pi), Fermi
crossing (the antinode) remain incoherent, as they were
above Tc. Moreover, the size of the energy gap in the
antinodal region is significantly larger than that expected
from a simple extrapolation of the gap from the arc.
Our ARPES results on moderately underdoped LSCO
(x = 0.145) reveal a very different picture. Similar to
previous studies of underdoped Bi2212 [13], below Tc we
observe sharp spectral peaks along the entire underly-
ing Fermi surface (FS), which trace out a simple d-wave
gap with a maximum amplitude of 14 meV. For more
underdoped LSCO (x = 0.105) the spectra are still char-
acterized by coherent peaks in the (pi, 0) region with a
maximal gap amplitude of 26 meV. We see no evidence
for a much larger gap in the antinodal region as reported
in other studies [10, 11, 12]. More significantly, we find
that the superconducting and pseudogaps have similar
maximum amplitudes.
ARPES results were obtained on very high quality sin-
gle crystals of LSCO, grown using the travelling solvent
floating zone method [14], with a transition temperature
Tc = 36 K and 30 K for x = 0.145 and x = 0.105, respec-
tively. The transition width for both dopings are ∆Tc ≈
1.5 K. ARPES experiments were carried out at the Sur-
face and Interface Spectroscopy beamline at the Swiss
Light Source. During the measurements, the base pres-
sure always remained less than 5 × 10−11 mbar. The
ARPES spectra were recorded with a Scienta SES2002
electron analyzer with an angular resolution of better
than 0.15◦. Circularly polarized light with hν = 55
eV and linearly polarized light with hν = 25 eV were
used. The energy resolutions were 17 meV and 12 meV
for hν = 55 eV and hν = 25 eV, respectively. The
Fermi level was determined by recording the photoemis-
sion spectra from polycrystalline copper on the sample
holder. The samples were cleaved in situ by using a
specially designed cleaving tool [15]. Clear (1×1) low-
energy electron-diffraction patterns obtained after the
ARPES measurements indicate that the cleaved surfaces
had good quality.
Figure 1 shows typical ARPES intensity maps of LSCO
(x = 0.145) in the superconducting phase as a function
2FIG. 1: (Color online) ARPES intensities along momentum cuts that cross the underlying Fermi surface (FS) (a) at the node,
(b) to (f) between the node and the antinode, and (g) at the antinode. The corresponding cuts 1 – 7 are indicated in (h). The
circles in (h) are the underlying FS determined from our measurements, while the solid line is the FS from a tight-binding fit
to our data. The measurements were performed on LSCO (Tc = 36 K, x = 0.145) at 12 K with hν = 55 eV.
of wavevector and energy in the nodal region [Fig. 1(a)],
in the antinodal region [Figs. 1(f) and 1(g)], and between
these two regions [Figs. 1(b) to 1(e)]. While the spectral
peaks close to the nodal direction exhibit a sizable disper-
sion, the dispersion is much weaker in the antinodal re-
gion, which is the ubiquitous behavior among hole-doped
cuprates in the superconducting state. We used two dif-
ferent methods to determine the underlying normal state
FS. In the first case, it was obtained from the peak posi-
tions of the momentum distribution curves at zero bind-
ing energy along momentum cuts parallel to those shown
in Fig. 1(h), and in the second method, it was identified
by searching for the minimum gap location of the energy
distribution curves (EDCs) along each cut. Both meth-
ods gave the same result. From a tight-binding fit to the
underlying FS, we obtain a hole volume of 57.2%, corre-
sponding to 1.144 holes per Cu atom, in agreement with
the Sr doping level of x = 0.145.
It is important to mention that we have observed sharp
spectral peaks along the entire underlying FS in the su-
perconducting state. To visualize this, in Fig. 2 we plot
EDCs along the momentum cuts 1, 3 and 7 in Fig. 1(h) in
reduced momentum ranges. The corresponding momen-
tum windows are marked in Figs. 1(a), 1(c), and 1(g)
with arrows. A comparison of the spectrum at the node
and the antinode is given in Fig. 2(d). One can see both
spectra are characterized by a sharp peak with a similar
width. The true widths of these peaks are even smaller,
given the energy resolution (17 meV) used in these mea-
surements. To demonstrate this, based on the observa-
tion that the spectral peaks disperse only weakly in the
(pi, 0) region, we collected an angle-integrated EDC in
the momentum window marked in Fig. 1(g) by the arrow
with a higher energy resolution of 12 meV. Indeed, as
expected, the peak narrows in energy as can be seen in
Fig. 2(e), where we compare this angle-integrated EDC
with the EDC at the antinodal kF acquired with a resolu-
tion of 17 meV. The sharp spectral peaks we observe near
(pi, 0) are very different from the broad EDCs reported
in most ARPES studies of LSCO.
To determine the superconducting gap, we “sym-
metrize” the EDCs at kF to effectively eliminate the
Fermi function from the measured ARPES spectra [7].
At the antinode, the symmetrized EDC shows two sharp
peaks with a clearly defined gap, EDC 7 in Fig. 3(a).
Moving from the antinode towards the node along the
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FIG. 2: (Color online) (a) – (c) EDCs along the momentum
cuts 1, 3 and 7 in Fig. 1(h). The corresponding momentum
ranges are indicated in Figs. 1(a), 1(c), and 1(g) with arrows.
Thick curves are EDCs at kF . (d) Comparison of the EDCs
at the antinode (left curve) and at the node (right curve). (e)
Comparison of the EDC at the antinode with hν = 55 eV
and an energy resolution of 17 meV (solid symbols), and the
angle-integrated EDC over the momentum range marked by
the arrow in Fig. 1(g) acquired with hν = 25 eV an energy
resolution of 12 meV (solid line).
underlying FS, the separation between the two peaks be-
comes smaller, and the spectral weight at zero energy fills
in, but a two-peak structure is always evident, even for
EDC 3 where the gap and spectral width are compara-
ble. Closer to the node, the spectral gap continues to
decrease, and finally, when the node is reached, a single
peak in the symmetrized EDC is seen (EDC 1).
To perform a more quantitative analysis of the super-
conducting gap, we use a simple form for the self-energy
that has proven successful in modeling ARPES data [16]
Σ(kF , ω) = −iΓ1 +
∆2
ω + iΓ0
(1)
which is then used to calculate the spectral function
A(kF , ω) =
1
pi
ImΣ
(ω − ReΣ)2 + (ImΣ)2
(2)
This is then convolved with the experimental resolution
and fitted to the symmetrized EDC. Here Γ1 is the single-
particle scattering rate, and Γ0 is related to the inverse
pair lifetime. The fitted curves are plotted as solid lines
in Fig. 3(a). The best fit was achieved at the antin-
ode where the separation of the two peaks is the largest,
with ∆ = 13.8 ± 1.5 meV, Γ1 = 38 ± 3 meV, and Γ0
is negligibly small (less than 0.1 meV). Near the node,
we find Γ1 ∼ 9 meV, a scattering rate that compares
well with the one estimated from the recent infrared con-
ductivity measurements on La1.83Sr0.17CuO4 in Ref. [17].
The negligibly small value of Γ0 indicates that the gap at
the antinode is associated with pairs which have infinite
lifetime (long range order) in the superconducting state.
Moreover, the variation of the amplitude of the gap fol-
lows a simple d-wave form over the entire FS, Fig. 3(e).
We now address the issue about the existence of the
pseudogap above Tc in LSCO (x = 0.145) samples. In
Fig. 3(b) we plot the EDCs taken at 41 K along the un-
derlying FS and compare them with those taken at 12 K.
While at the node the EDC at 41 K is still characterized
by a sharp spectral peak, the EDCs for the antinodal
region are characterized by broad peaks with a suppres-
sion of spectral weight relative to those below Tc. The
symmetrized EDCs (Fig. 3c) clearly show that above Tc
there is a gap in the electronic excitation spectra in the
antinodal region and there is a Fermi arc along which
the excitation spectra are gapless. The maximal size of
the pseudogap as extracted from the fits by using Eqs
(1) and (2) has a similar amplitude to that of the su-
perconducting gap [Fig. 3(e)]. It should be noted that
the determined pseudogap is much smaller than that re-
ported in Refs [10, 18].
Our ARPES results on LSCO for x = 0.145 are con-
sistent with one gap in the superconducting state, but
not with a gap having two components, namely, a su-
perconducting gap along the Fermi arc and a pseudo-
gap in the antinodal region with a higher energy scale as
seen in previous photoemission studies of LSCO [10, 18],
as well as underdoped Bi2212 [12] and optimally doped
Bi2201 [11]. The first difference is that we observe sharp
spectral peaks along the entire underlying FS, while spec-
tra in these other studies are broad in the antinodal re-
gion. The second difference concerns the momentum de-
pendence of the energy gap. In the arc region, the gaps
from all of these studies follow a simple d-wave form. But
in the antinodal region, the gaps in the other ARPES
studies cross over to a abnormally large pseudogap at
the same location where the sharp spectral peak disap-
pears. But in our case, the sharp spectral peak remains
and the gap continues to follow the simple d-wave form,
with a maximum value of 14 meV at the antinode.
The one gap nature of underdoped cuprates is further
supported by our ARPES results on more underdoped
LSCO (x = 0.105) which, as for the x = 0.145 samples,
reveal: (1) the symmetrized EDCs near the antinode be-
low (above) Tc are characterized by sharp (broad) peaks
[Fig. 3(d)], (2) the maximal gap in the electronic excita-
tion spectra below and above Tc has a similar amplitude,
and (3) the anisotropy of the energy gap in the supercon-
ducting state is consistent with a d-wave form [Fig. 3(e)],
though more data will be needed near the node in order
to determine whether any gap flattening is present as ob-
served in underdoped Bi2212 [19]. In addition, we find
that the maximal gap for x = 0.105 is almost twice that
of x = 0.145. This increase in the energy gap with un-
derdoping follows the same trend as previously observed
in Bi2212 [3, 4, 19].
From the momentum dependence of the gap and the
observation that this gap is always associated with a
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FIG. 3: (Color online) (a) and (c) Symmetrized EDCs for x = 0.145 at various kF from the antinode (top) to the node (bottom)
(each curve is offset for clarity) at 12 K and 41 K, respectively. The corresponding kF from cuts 1 – 7 are indicated in Fig. 1(h)
by filled circles. The kF for cuts 1, 3, and 5 are on the upper underlying FS curve, and the rest are on the lower underlying
FS curve. The solid lines are fits using Eqs. (1) and (2). (b) The EDCs at 12 K (solid lines) and at 41 K (dotted lines) from
which the symmetrized EDCs in (a) and (c) are obtained. (d) Symmetrized EDCs for x = 0.105 at the kF shown below the
panel. (e) The superconducting gaps for x = 0.105 (filled squares), the superconducting gaps (filled circles) and the pseudogaps
for x = 0.145 (diamonds connected with a dashed line) from the fit as a function of the underlying FS angle φ indicated in
Fig. 1(h), with the dotted lines the simple d-wave gap ∆max| cos(2φ)| with ∆max = 13.8 meV and 25.5 meV, respectively. The
open circles are the gaps determined by Terashima et al. for a LSCO sample with x = 0.15 [10]. The data were acquired with
hν = 55 eV.
sharp spectral peak, we conclude that the gap we mea-
sured below Tc is associated with the d-wave supercon-
ducting order parameter. Several scenarios can be put
forward to explain the difference between our data and
those reported earlier. One possibility may be due to in-
creased scattering in the antinodal region resulting from
disorder or imperfection that, depending on the sample
quality, varies in magnitude. The fact that the samples
used for our study appear to be of superior quality is con-
firmed by two neutron scattering experiments performed
on the same sample [20], where (1) a clear vortex lat-
tice could be measured, and (2) a clean spin gap could
be observed below Tc, which, in LSCO, is known to be
visible only in high-quality samples. Several factors can
affect the quality of the samples and, consequently of the
ARPES spectra. Of crucial importance is the sample
preparation, but other factors such as how the samples
are cleaved can play an important role. We have noticed
that the specially designed cleaver mentioned above [15]
enables us to obtain data of higher quality than that ob-
tained using the very popular “post and glue” cleaving
method. Finally, it is interesting to notice that the weak
(strong) sensitivity of the nodal (antinodal) states to dis-
order is consistent with scanning tunneling spectroscopy
(STM) studies of Bi2212 [21]. In these STM studies,
spectra for biases comparable to that of the antinodal
states showed strong sensitivity to spatial location, ac-
companied by a large distribution of gap sizes. For low
biases, though, with energies comparable to states near
the node, the spectra are homogenous.
In summary, we have measured the superconducting
gap and its momentum dependence by ARPES in moder-
ately underdoped LSCO at temperatures well below Tc.
For x = 0.145 the anisotropy of the gap follows a simple
d-wave form, similar to that observed in optimally and
overdoped Bi2212. We find no evidence for the coexis-
tence of a superconducting gap and a pseudogap, and
relate this finding to the presence of sharp spectral peaks
along the entire underlying FS. Such sharp features at
the nodal and antinodal points remain even at the lower
doping level of x = 0.105, although more data closer to
the nodal point will be needed in order to determine the
precise momentum dependence of the d-wave gap in this
case. Whether our one-gap scenario continues to hold
for more underdoped LSCO samples will be an impor-
tant matter for future studies.
This work was supported by the Swiss National Sci-
ence Foundation (through NCCR-MaNEP, and grant No.
200020-105151), the Ministry of Education and Science
of Japan, the Swedish Research Council, and the U.S.
DOE, Office of Science, under Contract No. DE-AC02-
06CH11357 and by NSF DMR-0606255. This work was
performed at SLS of the Paul Scherrer Insitut, Villigen
PSI, Switzerland. We thank the beamline staff of X09LA
for their excellent support.
5[1] J. Bardeen, L. N. Cooper, and J. R. Schrieffer,
Phys. Rev. 108, 1175 (1957).
[2] J. G. Bednorz and K. A. Mu¨ller, Z. Phys. B: Con-
dens. Matter 64, 189 (1986).
[3] J. C. Campuzano, M. R. Norman, and M. Randeria, in
Physics of Superconductors, vol. II, ed. K. H. Bennemann
and J. B. Ketterson (Springer, Berlin, 2004), p. 167.
[4] A. Damascelli, Z.-X. Shen, and Z. Hussain,
Rev. Mod. Phys. 75, 473 (2003).
[5] H. Ding et al., Nature 382, 51 (1996).
[6] A. G. Loeser et al., Science 273, 325 (1996).
[7] M. R. Norman et al., Nature 392, 157 (1998).
[8] M. R. Norman, D. Pines, and C. Kallin, Adv. Phys. 54,
715 (2005).
[9] M. Hashimoto et al., Phys. Rev. B 75, 140503 (R) (2007).
[10] K. Terashima et al., Phys. Rev. Lett. 99, 017003 (2007).
[11] T. Kondo et al., Phys. Rev. Lett. 98, 267004 (2007).
[12] K. Tanaka et al., Science 314, 1910 (2006).
[13] A. Kanigel et al., Phys. Rev. Lett. 99, 157001 (2007).
[14] T. Nakano et al., J. Phys. Soc. Jpn. 67, 2622 (1998).
[15] M. Ma˚nsson et al., Rev. Sci. Instr. 78, 076103 (2007).
[16] M. R. Norman et al., Phys. Rev. B 57, R11093 (1998).
[17] J. Hwang et al., Phys. Rev. Lett. 100, 137005 (2008).
[18] T. Yoshida et al., J. Phys.: Condens. Matter 19, 125209
(2007).
[19] J. Mesot et al., Phys. Rev. Lett. 83, 840 (1999).
[20] J. Chang et al., Phys. Rev. Lett. 98, 077004 (2007);
arXiv:0712.2181v2.
[21] K. McElroy et al., Phys. Rev. Lett. 94, 197005 (2005).
